Abstract: This paper focuses on the time-varying correlation among China's seven emissions trading scheme markets. Correlation analysis shows a weak connection among these markets for the whole sample period, which spans from 9 June 2014 to 30 June 2017. The return rate series of the seven markets show the characteristics of a fat-tailed and skewed distribution, and the Vector Autoregression (VAR) residuals present a significant Autoregressive Conditional Heteroscedasticity (ARCH) effect. Therefore, we adopt Vector Autoregression Generalized ARCH model with Dynamic Conditional Correlation (VAR-DCC-GARCH) to capture the time-varying correlation coefficients. The results of the VAR-DCC-GARCH show that the conditional correlation coefficients fluctuate fiercely over time. At some points, the different markets present a significant correlation with the value of the even peaks of the coefficient at 0.8, which indicates that these markets are closely connected. However, the connection between each market does not last long. According to the actual situation of China's regional carbon emission markets, policy factors may explain most of the temporary, significant co-movement among markets.
Introduction
To realize the goals of energy saving and emissions reduction policies, China's seven ETS (emissions trading scheme) pilots were established and functioned well from 18 June 2013 to 9 June 2014. The Beijing, Tianjin, Shanghai, Guangdong, Shenzhen, Chongqing, and Hubei markets were dominated by free allocation in the pilot phase. Importantly, all seven of China's emissions trading schemes (CETSs) were separately designed and managed. Therefore, the prices of each of the seven CETSs had their own characteristics. As is clear, these pilot schemes belong to a single country, China. From the domestic investors' perspective, some national policies undoubtedly influence the prices of all seven CETSs. Consequently, the prices of the seven CETSs are probably connected with each other. However, the volatility of these carbon prices is inconsistent because of the specific economic structures and characteristics of carbon emissions. For example, policies about thermal power plants make the carbon prices of Hubei more volatile because Hubei province has more thermal power plants.
There are all kinds of policies that affect the seven CETSs. Therefore, what are the exact co-movements among the seven CETSs? This question has attracted increasing interest from researchers examining linkages among different carbon markets, as their price movements have important implications for investment in the carbon market.
China's carbon markets still face the problem of weak liquidity, which seriously limits the sustainable development of China's carbon market. Therefore, it is important to conduct research on the linkage among the seven CETSs. The scales of the CETSs have been increasing in recent years, coefficient no longer applies to dynamic correlation. To calculate the conditional variance, the ARCH (autoregressive conditional heteroscedasticity) model was proposed [16] and was then optimized to produce the GARCH model [17] . Afterward, in order to capture the volatility linkages among financial markets, multivariate GARCH models were proposed [18] . However, the number of parameters rises exponentially when the number of financial markets increases. To solve the parameter problem, Engle proposed the DCC (dynamic conditional correlation)-GARCH model [19] . This has been widely used in research on co-movement between financial markets, such as the research on stock market volatility spillovers [20, 21] , the question of the existence of financial contagion between the foreign exchange markets of several emerging and developed countries during the U.S [22] , and contagion in commodity derivative markets [23, 24] . Fourth, this paper studies the dynamic linkages among the seven carbon markets from an overall perspective, which requires the multi-DCC-GARCH model. When we talk about the correlation between two carbon markets, we consider the influence of the other five carbon markets on these results. This paper makes several significant contributions to the existing literature. First, we investigate the dynamic linkages among the seven Chinese ETS pilots. At present, little research discusses this. We consider carbon markets as financial markets and convert the daily prices of the seven Chinese ETS pilots into a group of time series. Second, the DCC-GARCH model is incorporated into carbon markets for the first time to study the dynamic return transmission and volatility spillover effect. This model is generally applied in the financial markets. We adopt the method of DCC-GARCH to capture the time-varying correlation coefficients, through which we analyze the dynamic conditional correlations between the seven Chinese ETS pilots. Third, we set up a multi-DCC-GARCH model to research the dynamic correlation among the seven markets. The existing research usually builds up a bivariate DCC-GARCH model to talk about the relation between the two time series. The multi-DCC-GARCH model considers the dynamic correlation from the overall perspective.
The remainder of the paper is organized as follows: Section 2 presents the empirical model used, Section 3 presents the data and some preliminary analysis, Section 4 presents empirical findings and corresponding analysis, and finally, Section 5 concludes this paper.
Model
Before DCC-GARCH modeling, we calculated the correlation coefficients between every two return series. As we can see from Table 1 , there seem to be weak correlations between the seven ETS pilots. However, the volatility linkages between two markets cannot be explained only by the correlation coefficient, which only indicates the rough connection of a whole time period and cannot reflect the time-varying change in the linkage. To treat the changing correlations and volatilities, Engle [19] proposed the DCC-GARCH model, which has the flexibility of univariate GARCH but lacks the complexity of the conventional multivariate GARCH. Notes: r refers to the return series of the seven markets; sz refers to Shenzhen, bj refers to Beijing, sh refers to Shanghai, gd refers to Guangdong, tj refers to Tianjin, hb refers to Hubei, and cq refers to Chongqing.
In this paper, a vector autoregression (VAR) model was fit to the series and its residuals were standardized by dividing them by their corresponding GARCH conditional standard deviation [11] .
Engle described this process as "De-GARCHing" [25] . The DCC model then used these standardized residuals to estimate the dynamic conditional correlations. Our VAR-DCC-GARCH model can be depicted as follows.
For simplicity of presentation, suppose that there are two return series of carbon emission markets, r 1,t and r 2,t , and the simple case of two series can be extended to the case of seven series.
First, the VAR model should be established. A bivariate VAR of order (p) can be expressed as follows:
r 1,t refers to the return of the first emissions allowance market at time t, and r 2,t refers to the return of another market at time t. The lagged order is decided by the corresponding information criterion. After estimating the VAR (p) model, the residuals need to be collected for further DCC-GARCH modeling.
In the second step, having specified the conditional mean equation, the model was estimated conditionally according to the DCC-GARCH specification of Engle [25] to capture the volatility dynamics in the two variables. The residual u i,t from one of the VAR equations in Equation (1) can be represented by the following equations, in which the mean equation was also allowed to take the form of an ARMA (Auto-Regressive and Moving Average) model:
where ε i,t is the standardized residual from removing the mean from the VAR residual series, which is subject to the independent identical distribution, such as a normal or t distribution. σ 2 i,t refers to the conditional variance at time t, described by the GARCH (p, q) model, which can also be extended to an EGARCH (Exponential GARCH) model.
The covariance matrix in DCC-GARCH has been defined as
where D t is a diagonal matrix of time-varying standard deviations from the univariate GARCH models with σ i,t .
In addition, R t is the time-varying correlation matrix, where ρ ij,t is the correlation coefficient.
To ensure that R t is definitely positive and that all the parameters are equal to or less than one, it can be modeled as
where
Q t is the time-varying covariance between series, and each one of them follows a GARCH process. s t is a vector, where s i,t = ε i,t /σ i,t is further standardized by the residual ε i,t with respect to the corresponding conditional standard error σ i,t . Q * is the unconditional covariance between the series estimated in step 1. Usually, the parameters θ 1 and θ 2 can be estimated under the normality hypothesis of error term; however, even without the normality assumption, the estimator will still have the quasi-maximum likelihood (QML) interpretation.
Data Source and Statistical Analysis of Return Series

Data Source
From 18 June 2013 to 9 June 2014, China's carbon market was in its pilot phase. During the pilot period, the main carbon market quota was distributed free of charge, and therefore, it was inappropriate to conduct research during this period. Thus, the effective sample spans from 9 June 2014 to 30 June 2017. After removing individual default data, the number of effective sample data points was 764, among which the effective trading days of 2014, 2015, 2016 and 2017 were 131, 241, 244, and 118 days, respectively.
All the daily price data of the seven Chinese ETS pilots were from the China carbon trading center website (www.tanpaifang.com).
Summary Statistical Analysis of China's Emissions Allowance Returns
This study considered the daily closing prices for China's seven ETS pilots to explore the co-movement between them. When we were concerned with the relevance of financial assets, we preferred to substitute the price sequence with the price returns. Hence, we defined the returns on the emissions allowances at time t as r i,t = ln
; i denotes sz, bj, sh, gd, tj, hb, and cq. Figure 1 depicts how the returns varied over time. The returns of the Shanghai and Tianjin ETS pilots presented higher volatility than the others, and Shenzhen showed stability. 
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Before studying the time-varying correlations, we calculated the correlation coefficients between each pair of Chinese ETS pilots, from which we could infer that the correlations between the different market prices were not strong enough. From a long-term perspective, the markets have weak interactivity with each other. In addition, from Table 2 , it can be seen that most market return series are negatively correlated. For instance, only two of the six correlation coefficients of the Shenzhen ETS pilot were positive, and all values were close to zero. Notes: r refers to the return series of seven markets; sz refers to Shenzhen, bj refers to Beijing, sh refers to Shanghai, gd refers to Guangdong, tj refers to Tianjin, hb refers to Hubei, and cq refers to Chongqing.
In addition, we also checked the stationarity of each return series of the emissions market through both the ADF (Automatic Direction Finder) test and the KPSS (Kwiatkowski-Phillips-Schmidt-Shin) test for unit root testing. The two kinds of checking results were similar and confirmed each other, meaning that all the series were stationary. The testing results are presented in Table 3 . Notes: r refers to the return series of seven markets; sz refers to Shenzhen, bj refers to Beijing, sh refers to Shanghai, gd refers to Guangdong, tj refers to Tianjin, hb refers to Hubei, and cq refers to Chongqing.
Estimation of the VAR(P) Model
As mentioned in Section 2, the VAR (P) model should be estimated before DCC-GARCH modeling. Since all seven return series were stationary, we used the VAR model to formulate them. Table 4 presents the value of empirical statistics under different lag times according to the AIC (Akaike Information Criterion), HQ (Hannan-Quinn criterion), BIC (Bayesian Information Criterion), and FPE (Final Prediction Error) information standards. In accordance with Table 4 , we obtained the optimal lag order under the AIC, HQ, BIC, and FPE information criteria. The optimum lag degrees were 2, 1, 1, and 2, respectively. Finally, we chose the results from the HQ and SC information criteria, and therefore, the optimal lag order was 1. The result of the estimation of the VAR (1) model (vector autoregression model) is shown in Table 5 , in which p.sz1 refers to the first-order lag variable, the horizontal is interpreted as the explained variable, and the column is the independent variable. There are a total of seven autoregressive equations. As is evident from Table 5 , most of the equations are highly significant, except for Guangdong, which in general indicates that the first-order lag variables can explain the current prices effectively. In addition, there seems to be no linkage between the first-order lag variables and other markets, and only the first-order lag variable of the Hubei ETS has a positive feedback effect on the Tianjin price. Therefore, the lag variable has difficulty explaining the current prices of other markets, which proves that the correlations between the different price levels are not significant in the long term. Table 5 . Estimation of VAR (1) Then, we conducted the multivariate ARCH test. The value of the chi-squared statistic was 5969.1, the value of the df was 3920, and the p-value was 2.2 × 10 −16 . Obviously, we refused the null hypothesis that there was no ARCH effect.
Estimation of the VAR-DCC-GARCH Model
According to the results of the VAR (P) model with the seven variables, most of the equations were significant enough (at the 1% significance level), and the residuals of the seven equations presented a significant ARCH effect, but there was a weak linkage between the CETSs in the long run. As a consequence, we adopted the VAR-DCC-GARCH method (dynamic conditional correlation generalized autoregressive conditional heteroscedasticity), through which the dynamic conditional correlations in the short term can be measured.
In accordance with the third section, the return series of China's ETSs present characteristics of leptokurtosis and a heavy-tailed and skewed distribution. Most of the return series show first-order autoregressive characteristics. In addition, the residuals of VAR (1) with the seven variables presented a significant ARCH effect, and this is why we employed the multivariate GARCH model. As a result of the above discussion, we considered the return series as a single variable GARCH process, where the mean equation was ARMA (1, 1), the variance equation was EGARCH (1, 1) , and the residuals obeyed the skewed t distribution.
Then, we set the VAR-DCC-GARCH model of the seven variables, where the residuals followed a multivariate t distribution. In addition, we took the VAR (1) model for the mean equations to de-mean the return series and obtain the standard residuals in a VAR-DCC-GARCH framework.
Most of the parameters passed the t test. Therefore, we only took the Shenzhen market as an example, and from Table 6 , it is obvious that most p-values are close to zero. According to the results of the VAR-DCC-GARCH model, we calculated the time-varying correlation coefficients between each pair of markets and protracted the sequence diagram. As shown in the pictures, the conditional correlation coefficients were highly time variant. Despite the fact that the markets presented weak correlations over the long term, the conditional correlations may become significant at some point. Take the relationship between Beijing and Chongqing, for example. During the whole of 2015, the conditional correlation coefficient fluctuated in the range of −0.4 to 0.4, and most of the time, it was close to zero. However, at the end of 2015, the conditional correlation coefficient soared to 0.8 over an extremely short period, which indicates that the Beijing ETS was highly related to the Chongqing ETS at that point. As evidenced by the sequence diagrams of the time-varying correlation coefficients, the conditional relationships change over time and are never constant. In addition, a time interval correlation coefficient may be negative while it shifts to a positive value over time.
Although the temporary conditional correlation can rise to a high level, it is hard to find a significant linkage interval. Therefore, the co-movement between CETSs is not significant enough. As we can see from the time-varying correlation time sequence diagram, although the temporary correlations between CETSs actually appear at different points, the interval linkage was hard to find, which is in accordance with the actual situation in China. The prices of CETSs are mainly dominated by the government, and when policies change over time, the prices of different CETSs also change, which may lead to temporary linkages. However, the linkages cannot be maintained for long because the different CETSs are separately managed and regulated, and naturally, different demands will promote different price formations.
As mentioned in the introduction, different CETSs may adopt similar policies simultaneously, which explains the temporary co-movement between CETSs. For instance, at the end of 2015, the conditional correlation coefficient between Shanghai ETS and Beijing ETS reached −1.0, which can be seen in Figure 5 . The high negative correlation between these two ETSs can been explained by simultaneous policies in two regions at the end of 2015. Beijing ETS changed the standards for enterprises involved in ETS at the same time. Shanghai ETS involved new sectors in the carbon markets. Moreover, in the middle of 2015, most of the CETSs (Shenzhen ETS, Shanghai ETS, Hubei ETS, and Tianjin ETS) adopted new regulations for CCER (Chinese certified emissions reduction), which simultaneously influenced the prices of carbon emissions in different CETSs. Obviously, correlation coefficients between these CETSs also deviated from the average level. Most of the parameters passed the t test. Therefore, we only took the Shenzhen market as an example, and from Table 6 , it is obvious that most p-values are close to zero. According to the results of the VAR-DCC-GARCH model, we calculated the time-varying correlation coefficients between each pair of markets and protracted the sequence diagram. As shown in the pictures, the conditional correlation coefficients were highly time variant. Despite the fact that the markets presented weak correlations over the long term, the conditional correlations may become significant at some point. Take the relationship between Beijing and Chongqing, for example. During the whole of 2015, the conditional correlation coefficient fluctuated in the range of −0.4 to 0.4, and most of the time, it was close to zero. However, at the end of 2015, the conditional correlation coefficient soared to 0.8 over an extremely short period, which indicates that the Beijing ETS was highly related to the Chongqing ETS at that point. As evidenced by the sequence diagrams of the time-varying correlation coefficients, the conditional relationships change over time and are never constant. In addition, a time interval correlation coefficient may be negative while it shifts to a positive value over time.
As mentioned in the introduction, different CETSs may adopt similar policies simultaneously, which explains the temporary co-movement between CETSs. For instance, at the end of 2015, the conditional correlation coefficient between Shanghai ETS and Beijing ETS reached −1.0, which can be seen in Figure 5 . The high negative correlation between these two ETSs can been explained by simultaneous policies in two regions at the end of 2015. Beijing ETS changed the standards for enterprises involved in ETS at the same time. Shanghai ETS involved new sectors in the carbon markets. Moreover, in the middle of 2015, most of the CETSs (Shenzhen ETS, Shanghai ETS, Hubei ETS, and Tianjin ETS) adopted new regulations for CCER (Chinese certified emissions reduction), which simultaneously influenced the prices of carbon emissions in different CETSs. Obviously, correlation coefficients between these CETSs also deviated from the average level. 
Conclusions
This paper focused on the time-varying correlations between China's emissions trading scheme markets. Although there seemed to be no connection between these markets in the entire sample period, the results of VAR-DCC-GARCH show that the conditional correlation coefficients fluctuated fiercely over time, and at some points, the different markets presented significant correlations, and sometimes the coefficients even peaked at 0.8.
Up until the present moment, China's carbon emissions markets are still dominated by the government, and naturally policies should be taken into consideration before transactions. Therefore, with regard to the reasons for temporary significant correlations between the markets of different regions, we first considered the implementation of policies. For example, when two of the seven CETS markets increase by the same quota of carbon emissions, the prices of these two markets are likely to change in synchronization, which promotes the linkage between these two regional markets. In addition, the policies of different industries may influence dynamic correlations. When the economies of two regions rely on the same high carbon industry, obviously national policies for the high carbon 
Up until the present moment, China's carbon emissions markets are still dominated by the government, and naturally policies should be taken into consideration before transactions. Therefore, with regard to the reasons for temporary significant correlations between the markets of different regions, we first considered the implementation of policies. For example, when two of the seven CETS markets increase by the same quota of carbon emissions, the prices of these two markets are likely to change in synchronization, which promotes the linkage between these two regional markets. In addition, the policies of different industries may influence dynamic correlations. When the economies of two regions rely on the same high carbon industry, obviously national policies for the high carbon industry will have the same effect on the prices in their different CETSs. Therefore, for either policy makers or market participants, the results of this empirical analysis can be used as a reference for decision making. In addition, we think that cross-regional transactions may partly explain the phenomenon of high correlation, and to a certain degree, low-frequency trading activities across regions influence the formation of local market prices. Large-scale trading activities also make sense.
Although the linkages between CETSs actually appear at different points, it is hard to find a significant linkage over time. As far as we are concerned, most of the data periods are actually in the early stage of the establishment of the CETSs, and regional governments set different prices individually for the regions' prosperity and stability. As such, it is reasonable to come to our results. Due to the fact that the information about transactions in the seven CETSs is open to the public, traders in the seven CETSs will share the same information and act similarly, and so a linkage is supposed to exist. With the development of the CETSs, more investors will enter the carbon markets, and then the prices of the CETSs will rather reflect more information about traders' actions and expectations, after which significant linkage intervals among the CETSs will appear.
National carbon emission markets in China are expected to be established in the near future. Designing trading institutions for the national market will be a brand-new challenge for policy makers. The new national market may be selected from the seven Chinese ETSs, and thus the co-movements between the seven regional markets ought to be an essential factor worth considering. To some extent, this paper can be referred to during the establishment of the national system. For investors or market traders, the linkages between markets can be seen as an effective signal for new investment opportunities, which will attract more speculators to enter the CETSs. Then, more investments will bring more capital into the CETSs, which may improve the liquidity of the CETSs and promote the sustainable development of the CETSs.
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